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1. 


Eelation  between  Physical  and  ::agnetic  Hiirdness  of 
Certain  Carbon  Steels. 

In  choosing  a  subject  for  a  thesis  on  the  Magnetic 
Properties  of  iron  or  Steel  we  were  led  to  this  particular 
line  of  investigation  by  the  suggestion  of  Mr,  John  A. 
Mathews,  Assistant  Manager  of  the  Crucible  Steel  Company 
of  America,  Syracuse,  lew  York,  made  in  a  letter  to 
Professor  C.  E.  Freeman  of  Armour  institute  of  Technology. 
The  specimens  tested  and  their  chemical  analyses  v,ere 
procured  from  lilr,  !,Iathev#s,  m'ho  should  be  given  credit 
for  the  idea,  he  having  already  made  some  tests  with  the 
view  of  ascertaining  whether  such  a  relation  exists. 

The  chemical  analyses  of  t?ie  steels  are  as  follows :- 
(1)      (2)      (3)      (4)      (5)      (6) 
Carbon   .36     .60      .89 
i.langanese  Trace   ,14    .155 
Silicon   .14     .15     .19 
Phosphorus  .010   .      ,010 
Sulphur     .011   .       .013 

Mr.  Mathews  says  that"since  the  S-me  raw  materials 
were  used  in  making  these  steels  we  may  consider  that 
the  other  Phosphorus  and  Sulphur  values  will  be  of  the 
same  order  a?  those  given,"    Specimen  fl  is  not  a 
commercial  steel  but  is  from  an  experimental  ingot, 
which  accounts  for  the  small  percentage  of  Ivlanganese, 
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2. 

Before  beginning  the  physical  and  magnetic  hardness 
tests  the  specimens  v/ere  subjected  to  different  annealing 
processes. 

The  samples  for  mar-net ic  tests  were  cut  to  a  length 
of  ten  inches  and  then  machined  to  within  about  .015  inches 
of  the  diameter  required  by  Esterline's  Permeameter ,  which 
requires  the  diameter  to  be  ,575  inches.   The  specimens 
for  physical  hardness  tests  were  cut  to  a  length  of 
approximately  three-quarters  of  an  inch. 

The  two  classes  of  specimens  were  numbered  to  corres- 
pond and  v/ere  then  placed  ixi  a  east  iron  box  containing 
Magnesium  Carbonate,  which  does  not  attaclc  steel,  then  the 
V/hole  placed  in  en  annealing  furnace.  The  furnace  and  the 
blower  are  shown  in  the  following  blue-print.  The  temper- 
atures were  :'ndicatec!  by  m^eans  of  Purnharn's  Pyrometer, 
which  coneists  of  a  platinarn-iridium  couple  connected  to  a 
calibrated  millivoltmeter. 

Set  A  of  the  specimens  were  tested  in  the  condition  in 
which  they  were  received  from  the  manufacturers. 

Set  B  was  subjected  to  a  "normalizirg"  heat  of  about 
950  degrees  C.  for  about  three  hours,  i.  e.,  a  temperature 
whic?i  will  remove  fnaj   h:rdness  due  to  the  last  rolling. 
The  bars  were  allowed  to  cool  in  the  air. 

Set  C  was  subjected  to  a  heat  of  about  835  degrees  C, 
which  was  not  kept  constant  for  any  particular  length  of 
time  but  the  temperature  was  slowly  decreased  until  below 
the  "hardening"  temperature  (about  675  degrees  C).   The 
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fire  was  then  turned  out  and  the  specimens  allowed  to  cool  in 
the  furnace. 

In  Set  D  the  temperature  wi-s  raised  to  about  650  degrees 
C,  i.  e.,  a  temperature  which  is  below  the  hardening,  heat, 
and  "-ept  at  this  for  two  or  three  hours.   The  gas  was  then 
shut  off  and  the  specimens  allov.'ed  to  cool  in  the  furnace. 

Set  S  was  raised  to  about  750  degrees  C.  and  kept  con- 
stant at  this  value  for  two  or  three  hours  and  then  dropped 
into  a  pail  of  watrr.  This,  however,  made  the  specimens  so 
hard  that  we  were  able  to  machine  only  one  of  theri. 

The  numbered  specimens  were  subjected  to  a  heat  of  about 
900  degrees  C.  and  >ept  at  this  value  for  three  hours  when 
the  temperature  was  graduall37  lov;ered. 

(ITote:-  By  "hardening"  temperature  is  meant  that  temper- 
ature above  which  the  molecular  structure  changes.) 

The  relation  between  the  time  and  temperature  is  shown 
by  curves  on  the  followinp-  pages,  the  curves  bei:.g  started 
at  that  temperature  which  Vve  were  first  able  to  read  on  the 
pyrometer,  2co  degrees  C.  by  instrument.   The  correct  tem- 
peratures were  obtained  from  the  calibration  carve  of  t?ie 
pyrometer,  shown  in  blue-priut . 

The  phjrsical  hardness  specimens  were  ground  to  approx- 
imately'- three-g^uerters  of  an  inch  in  length,  both  ends  being 
ground. 

On  separate  blue-prints  are  shovni  the  scheme  of  making 
the  hardness  tests  and  the  Hiehle*  machine  used  in  making 
the  tests. 

A  hardened  steel  ball  was  placed  in  a  depression  in  a 
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7. 

Speciffieps  E . 

Kept  at  a  constant  heat  for  two  or  three  hours  and  then 

cooled  in  water. 

Heat  hegan  at  8:55. 

9:15  £00  150 

9:25  300  240 

9:35  460  400 

9:45  600  545 

10:00  680  605 

10:20  780  745 

10; 50  800  762 

11:20  800  762 

11:50  800  762 

12:30  815  765 

1:00  800  730 

(Eote:-  In  the  drawing  of  the  curves  for  the  proceeding 
data  we  started  with  the  first  reading  of  the  temperature 
on  the  pyrometer  and  not  with  the  original  temperature  of  the 
Spa  cimens) . 
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8. 

piece  of  hard  steel,  the  specinien  to  he  tested  being  placed 
in  a  cast  iron  block  made  to  fit  the  Kiehl*  machinp,  a  email 
hole  equal  to  the  diameter  of  the  specimen  was  made  in  the 
latter  block.   A  force  of  6000#  was  applied  to  force  the  ball 
into  the  specimen,  approximately  one  m^inute  being  taken  to 
apply  the  total  loed.   Sfter  making  a  test  on  each  end  of  the 
specimens  we  measured  the  diamete  s  of  the  impressions  by 
means  of  a  stationary  microscope  and  the  movable  table  of 
a  dividing—engine.   The  specimens  to  be  measured  were  placed 
on  the  table  and  the  distance  through  which  it  was  moved  was 
measured  by  means  of  the  engine  microuieter ,   This  distance 
is  the  diameter  of  the  impression.   The  average  diameter  of 
the  two  impressions  of  each  test  piece  was  taken  as  the  true 
diameter. 

From  a  table  in  the  Journal  of  the  Iron  &  Steel  Insti- 
tute, Volume  I,  1901,  we  obtain  the  areas  of  impressions  of 
certain  diameters  for  a  centimeter  ball.   Cur  ball  was  three- 
eighths  inches  I  a  little  over  size)  in  diameter  so  that  the 
areas  were  a  trifle  sinall.   However,  the  difference  in  area 
is  not  very  great  so  we  used  the  table  in  our  calculations. 

The  apparatus  used  and  the  scheme  of  connecting  this 
apparatus  is  sliown  by  means  of  blue-prints. 

The  Esterline  Permea/neter  is  intended  to  be  run  by 
means  of  an  induction  motor  but  instead  we  used  a  Holtzer- 
Cabot  one-tenth  H,  P.  Direct  Current  shunt  motor.   The 
speed  was  kept  constant  at  17C8  E,  P.  M,.  this  speed  being 
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Table  for  Finding  Area  of  Impression  When  Diameter  of 
Impression  is  Known.   Taken  from  Journal  of  Iron  i  Steel  Institute, 

Vol.  I,  1901. 

DsDiameter  of  impression  in  millimeters. 
A=Area  of  impression  in  square  millimeters. 
D  a  A  are  given  for  a  ball  10  mm.  in  diameter. 
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D 

A 

D 
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4.65 

18.0185 

5.00 

31.4160 
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5.10 
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Data  for  Physical  Hardness  Tests. 


Sp. 

Dia. 

Dia. 

Dia. 

Area  of 

Har-iness 

I 

II 

Av. 

Imp. 

limber. 

Al 

5.158 

5.16 

22.5302 

121 

A2 

4.201 

4.314 

4.26 

14.9684 

182 

A3 

3.780 

3.675 

3.73 

11.3295 

240 

A4 

3.722 

3.669 

3.70 

11.1495 

244 

A5 

3.505 

3.514 

3.51 

9.9968 

272 

A6 

3.460 

3.538 

3.49 

9.8790 

276 

Bl 

5.278 

4.970 

5.12 

22.E525 

122 

B2 

4.360 

4.330 

4.34 

15.5690 

175 

33 

3.780 

3.741 

3.76 

11.5095 

237 

B4 

3.706 

3.685 

3.70 

11.1495 

244 

E5 

3.758 

3.675 

3.71 

11.2095 

243 

E& 

3.852 

3.660 

3.76 

11.5095 

237 

CI 

5.500 

5.432 

5.47 

25.5847 

106 

C2 

4.686 

1.817 

4.75 

18.8527 

144 

C3 

4.134 

3.989 

4.06 

13.5422 

201 

C4 

4.091 

4.114 

4.10 

13.8262 

197 

C5 

4.291 

4.210 

4.50 

16.6044 

162 

06 

4.319 

4.350 

4.33 

15.4930 

176 

Dl 

5.436 

5.401 

5.42 

-^5.0744 

109 

32 

4.586 

4.622 

4.60 

17.6087 

155 

D3 

4.063 

4.099 

4.06 

13.6842 

199 

D4 

4.050 

4.071 

4.06 

13.5423 

201 

L)5 

3.830 

3.790 

3.81 

11.7987 

231 

12. 


Sp. 

-     Die. 

Dia. 

I'ia. 

1 

2 

Av. 

1 

5.E5 

5.32 

5.28 

2 

4.57 

4.53 

4.60 

3 

3.655 

3.94 

3.90 

4 

4.05 

•±.065 

4.06 

5 

3.97 

4.05 

•i.Cl 

6 

4.165 

'«.195 

4.18 

Iixp.  Buaber. 

23.679.^  12C 

17.6067  155 

1£.4407  219 

13.5422  201 

13.1870  206 

14.3820  189 

SI  4.10  4.00  4.05  13.471E  202 

6, 000#  2722  kilograms. 

Hardness  nuiLber  ;  ratio  of  force,  in  'kilcgran.s,  to  area  of 

Impression  in  square  milliiGeters. 
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13. 
indicated  by  means  of  a  calibrated  tuning.*. fori:  made  to  vibrate 

by  a  current  from  a  storage  cell.   In  the  armature  circuit  of 
the  motor  v. ere  placed  h   couple  of  rheostets  which  were  ad- 
justed so  that  the  speed  was  near  the  desired  value.   The 
final  adjustment  wes  made  by  pressing  v/ith  the  finger  on  the 
plate  which  is  over  tlie  end  of  the  armature  of  the  permeameter. 
The  current  was  supplied  from  a  storage  battery  and  in  the 
first  part  of  the  test  was  adjusted  to  ten  amperes  and  the 
full  number  of  magnetizing  turns  thrown  in,  while  in  the 
second  part  the  current  and  turns  were  adjusted  so  6s  to  give 
a  reading  on  the  rcillivoltmeter  of  60000  lines  per  square  inch. 

The  pejmeameter  v;as  operated  in  the  fcllov/ing  way. 
Connect  the  positive  terminal  of  a  battery  to  the  positive 
"battery  "post  of  the  instruinent  and  the  negative  terminal  of  the 
battery  to  the  other  "battery"  post.   Connect  the  positive 
post  of  the  millivoltmeter  vvhich  goes  witli  the  instrument, 
to  the  positive  "rrillivoltmeter"  post  of  the  permeameter. 

When  switch  "C"  is  throv/i.  to  the  left,  (direction 
being  measured  by  ftcing  commatttor  end  of  the  armature 
of  the  instrument)  the  millivoltmeter  reads  the  magnetiz- 
ing current,  when  this  sv/itch  is  thrown  to  the  right  the 
millivoltmeter  reads  the  density  in  kilolines  per  square 
inch. 

The  switch  A  reverses  the  direction  of  the  magnetizing 

cureent  through  the  coils. 

Switch  "B"  is  to  cause  the  millivoltmeter  to  always 
read  in  the  same  direction. 
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The  left  hand  dial  cuts  in  the  magnetizing  turns,  the 
numter  of  active  turns  teing  indicated  by  numhers  on  a  ring 
outside  of  the  dial.   The  right  hand  dial  cuts  in  turns 
which  compensate  for  the  reluctance  of  the  magnetic  circuit 
outside  of  the  test  bar.   This  latter  dial  is  graduated  so 
that  after  cutting  in  the  desired  number  of  turns  on  the  left 
hand  dial  the  flux  is  read  and  tl  en  the  ri£':ht  hand  dial  d- 
justed  so  that  it  reads  the  value  which  is  nearest  to  the 
value  of  the  flux. 

The  ffiillivoltmeter  is  calibrated  for  a  speed  of  1750 
R,  P.  M.  but  we  were  unable  to  get  this  speed  with  the 
frequency  of  our  tuning-fork.   The  tuning^ork  frequency^ 
was  99,644  single  vibrations  per  second  and  with  seven 
spots  on  a  disc  on  the  end  of  the  motor  shaft  gave  1708 
R.  P,  M. 

m  the  data  which  follows,  the  average  value  of  the 

maximum  induction,  M  ,  the  average  of  the  residual  density, 

R,  and  the  magnetic  hardness  rjumber,  R  ,  are  corrected  for 

C 
the  error  due  to  the  low  speed.   The  value  of  C  in  the  data 

is  given  in  ampere-turns,  that  of  C'  in  Gilberts  per  square 

centimeter,  and  that  of  M  and  R  in  kilolines  per  square  inch. 

After  inserting  the  test  bar  so  that  it  extended  through 
the  two  pole  pieces  it  was  fastened  in  place  by  means  of  the 
four  bolts  provided  for  this  purpose  on  the  lower  part  of 
the  pole  pieces. 

In  order  that  tL e  exciting  current  might  be  kept  constant 
or  read  without  working  "C"  so  much  ?n  ammeter  was  insettec 
in  the  battery  circuit  and  read  instead  of  the  millivoltmeter . 
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15. 
The  assumption  was  made  that  the  current  readings  on  the 

inillivoltmeter  were  accurate  and  so  the  ammeter  readings 
were  compared  with  these  readings  when  switch  "C"  was 
thrown  to  read  current. 

At  first  an  attempt  was  made  to  get  a  compTpte 
hj^steresis  loop  by  Itpepin;^  the  exciting  current  constant 
at  ten  amperes  and  varying  the  nujBber  of  ampere-turns, 
reversing:  current  and  millivoltmeter  switches  at  the  proper 
places.   However,  we  were  unable  to  get  any  of  the  curves  to 
close  and  practically  all  crossed  near  the  end  &t  which  they 
should  close.   After  spending  about  three  days  trying  to  rem- 
edy this  difficulty  it  was  decided  tb  drop  the  idea  of 
gettini  the  entire  hysteresis  loop,  which  was  not  really 
needed,  and  proceed  to  obtain  the  Residual  Tensity  and 

Coercive  Force.   The  ratio  of  these  two  quantities,  Pesid- 
ual  Density  to  I'oereive  Force,  gives  the  magnetic  hardness 
number.  Residual  Density,  R,  being  expressed  in  kilolines 
per  square  inch  and  Coercive  Force,  C,  in  Gilberts  per 
square  inch. 

To  obtain  these  quantities,  one  may  proceed  by  either 
of  the  following  methods,  both  of  which  v;ere  used  to  see  if 
thej;  gave  the  same  results. 

First,  with  a  constant  magnetizing  current  often  amperes 
obtain  the  raaxim^xn  induction,  M,  by  cutting  in  turns  on  the 
left  hand  dial  and  compensating  turns  on  the  right  hand  dial 
as  previously  o escribed,  How  reduce  the  number  of  ragnetizing 
turns  and  compensating  turns  to  zero  and  read  the  flux  as 
before,  this  gives  R  in  tilolines  per  square  inch .   if  the 
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rata  for  Calibration  of  Ammeter  Using  the  Special 

millivoltmeter  As  a  Standard. 

Ammeter  Headings  Millivoltmeter  Readings 

U  0 

1.11  1 

2.15  2 

5.15  1 

4.15  4 

5.19  5 
6.E0  6 

7.20  7 
8.22  8 
9.24  9 

1(D.2S  10 

11.25  11 

12.26  12 
13.26  13 
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magnetizing  current  is  now  reversed  by  means  of  the  switclj  "A" 
and  enough  ampere  turns  out  in  to  reduce  the  flux  to  zero  the  currei.t 
and  turns  required  to  demagnetize  the  specimen  may  be  read.   This 
gives  the  Qoercive  Force,  C,  in  ampere  turns.   Since  the  tarns 
may  be  cut  in  onTy  in  groups  of  four  we  were  not  able  by  t?iis 
method  to  stop  the  needle  of  the  millivoltrneter  or  z^ro  so  the 
specimen  would  be  oppositely  magnetized  to  some  extent.   To 
overcome  this  difficulty  we  reversed  our  maenetizing;  current  then 
reduced  it  to  three  or  four  amperes  and  cut  in  turns  on  the  left 
hand  dial  until  the  needle  v/as  almost  at  zero.  Sow  by  raising 
the  current  very  slowly  the  needle  may  be  made  to  stop  at  zero. 
Again,  by  reading  the  current  and  turns  we  obtain  C  in  am( ere  turns. 

Then  switches  "A"  and  "B"were  both  to  the  left  we  called  the 
magnetization  ne^^ative.   Two  positive  and  two  negative  readin£S 
were  talren  for  each  of  the  C[uantities  magnetic  induction, 
residual  density,  demagnetizing  current,  and  turi.s,  and  the  average 
of  each  of  the  four  readings  talen  as  the  actual  value  of  each 
(quantity. 

The  second  ttiethod  of  determining  >7,  R,  >■■   C  is  similar  to 
the  method  just  described  except,  that  each  speciite:.  is  subjected 
to  a  constant  maximum  induction,  ffl,  of  about  60,U0C  lines  rer 

square  inch.   To  obtain  this  vve  adjusted  the  tarns  (Magnetizing 
and  Corapensatint- )  and  the  current  so  that  the  millivoltmeter  reaC 
60,  then  determined  R  and  C  as  tn  the  first  method. 

Cur  results  for  the  ma^^netic  hardness  numbers  as 
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determined  by  tT.-o  methocls  uescrited  in  the  foregoing  discussion 
shov;  that  the  *;wo  methods  do  not  give  the  same  results.   Both  are 
shown,  hovi'ever. 

Since  the  residual  density  and  coercive  force  vary  with  the 
maeimuin  induction  we  are  inclined  to  think  that  the  best 
comparative  method  would  be  to  use  a  constant  raa::imum  induction. 

As  might  be  expected  the  heat  treatment  affects  both  the 
physical  and  'fiagnetic  hardness  but  not  in  the  same  ratio. 

The  results  obtained  for  the  physical  and  magnetic  hardness 
numbers  do  not  indicate  that  any  defiaite  relation  exists  between 
the  two  kinds  of  hardness, 

3y  a  comparison  of  the  coercive  force,  as  obtained  by  both 
methods,  with  the  i^hysical  hardness  numbers  it  is  shown  that 
specimens  subjected  to  the  same  heat  treatment  indicate  that  there 
undoubtedly  is  a  relation  between  these  two  quantities  in  this  class 
of  steel.   The  r-lation  hov.ever  is  seen  to  be  influenced  by  the  heat 
treatment  to  which  the  steel  was  subjeeted. 

Also,  it  se^ms  that  neglect  in.  speeinr^ns  A  and  I  (the  former 
not  being  heated  after  we  received  it  and  the  latter  not  above  the 
hardening  heat)  that  there  is  a  constant  relation,   it  is  possible 
that  had  all  the  specimens  been  kept  for  say  five  or  six  hours  at 
temperatures  abov^  the  hardening  heat  a  definite  relation  would  be 
found  to  exist  betwjen  the  coercive  force  and  physical  hardness 
numb  r  for  any  class  of  carbon  steels.   Specimen  #1  seems  to 
indicate  that  this  rplation  ;  iffers  with  different  classes  of  steals. 

As  a  result  of  our  tests  w^  feel  satisfied  that  if  a  rplation 
can  be  found  to  exist  between  Residual  Density  and  Coercive  Force 
that  a  relation  in  all  probability  exists  between  the  Physical  and 
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Magnetic  Hardness  of  this  class  of  st<=els.   As  previously  stated 
we  find  that  there  is  in  all  probability  a  relation  hetw  en 
Coercive  Force  and  Physical  Hardness  and  since  the  only  relation 
not  known  to  satisfy  our  investigation  is  that  bptween  F.esidual 
Tensity  and  Coercive  Force  we  are  led  to  the  above  conclusion 
concprnino  the  relations  between  the  M  gnetic  and  Physical  Hardness 
of  these  Carbon  Steels, 
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(    Average   ) 
Sp.Mag.  M.    R.     C.    (M.    R.    C)     C      E   20. 


Al  X   86  40.5  9.76 

"   _   89  46   11.6 

"   1   86  38.5  9.68 

"   _   89  45   10.8   89.7  43.5  10.46   5.174   8.42 

AE  1   77  41   18.2 
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"   i.   76  41   18.2 
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27 
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34 
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